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Formation of the contractile apparatus in muscle cells requires
co-ordinated activation of several genes and the proper assembly
of their products. To investigate the role of TnT (troponin T) in the
mechanisms that control and co-ordinate thin-filament formation,
we generated transgenic Drosophila lines that overexpress TnT in
their indirect flight muscles. All flies that overexpress TnT were
unable to fly, and the loss of thin filaments themselves was coupled
with ultrastructural perturbations of the sarcomere. In contrast,
thick filaments remained largely unaffected. Biochemical analysis
of these lines revealed that the increase in TnT levels could be
detected only during the early stages of adult muscle formation
and was followed by a profound decrease in the amount of this
protein as well as that of other thin-filament proteins such as
tropomyosin, troponin I and actin. The decrease in thin-filament
proteins is not only due to degradation but also due to a decrease
in their synthesis, since accumulation of their mRNA transcripts
was also severely diminished. This decrease in expression levels
of the distinct thin-filament components led us to postulate that
any change in the amount of TnT transcripts might trigger the
down-regulation of other co-regulated thin-filament components.
Taken together, these results suggest the existence of a mechanism
that tightly co-ordinates the expression of thin-filament genes and
controls the correct stoichiometry of these proteins. We propose
that the high levels of unassembled protein might act as a sensor
in this process.
Key words: muscle protein, overexpression, protein stoichio-
metry, thin filament, transgenic Drosophila, troponin T.
INTRODUCTION
The role of the highly asymmetric TnT (troponin T) protein in the
regulation of muscle contraction is still unclear. However, studies
of vertebrate muscles indicate that it is a key component in co-
ordinating all the components of the troponin-Tm (tropomyosin)
complex, i.e. Tm, TnI (troponin I) and TnC (troponin C) [1]. The
troponin tail plays a key role in anchoring troponin–Tm to actin,
both in the Ca2+ conformation of the thin filament and in the
inhibitory conformation found in the absence of Ca2+. A complex
pattern of TnT protein isoforms can be observed, generated both
through differential splicing at the transcript level and through
post-translational modification at the protein level [1–4].
The correlation of changes in cardiac TnT isoform expression
with heart disease has further augmented research interest in TnT
[1]. Indeed, mutations of the vertebrate TnT gene (TNNT2), which
encodes the cardiac thin-filament protein TnT, are associated with
familial hypertrophic cardiomyopathy, dilated cardiomyopathy or
distal arthrogryposis [5–7]. Mutant proteins are supposed to act
as dominant-negatives that impair the function of heart muscles
[8]. In Drosophila, TnT mutants show severe muscle abnormal-
ities, indicating a possible effect of this protein on myofibrillar
assembly and/or stability [9]. Furthermore, Caenorhabditis
elegans TnT mutants have defects in the contraction of the
embryonic body wall muscle cells, in sarcomere organization and
in cell positioning [10]. However, the mechanisms underlying
these defects remain poorly understood.
Sarcomeres, the functional units of myofibrils, are highly
complex structures in which all components must be present in the
correct amount. Changes in protein stoichiometry result in severe
muscle defects, as has been shown not only in TnT mutants but
also in mutants of other muscle proteins such as TnI, actin, myosin
heavy chain and Tm [6,11–15]. To maintain this stoichiometry,
cells have developed a series of control mechanisms, which are
only now beginning to be understood. At the transcriptional level,
we and others have recently shown that Drosophila thin-filament
genes sharing the same spatiotemporal pattern of expression are
regulated by enhancer elements with a very similar organization
and localization in each locus [16,17]. In other words, co-regu-
lated thin-filament genes share a conserved set of transcriptional
regulators that act simultaneously in all of them. Additional sys-
tems must also act to control the stoichiometry of muscle proteins
at the cellular protein level, although nothing or very little is
known about those systems.
We have taken advantage of the simplicity of the Drosophila
musculature to study several aspects of TnT regulation in the
context of the whole organism. In contrast with mammals, there
are only a few specialized muscle types generated in Drosophila
and each muscle type is composed of only one type of fibre
[18,19]. These two features provide us with an opportunity to
investigate the mechanisms that control and co-ordinate muscle
formation. The IFM (indirect flight muscles) of Drosophila pro-
vide an excellent system for exploring muscle protein function
since these muscles are dispensable for viability. Disrupting their
structure and function simply impedes flight, providing an easy
assay for functional changes [20,21]. Moreover, the insect IFM
is similar to vertebrate cardiac muscles in that it displays stretch
activation [22]. The sensitivity of IFM function to a decrease or
increase in muscle proteins has been studied through different
approaches, such as the analysis of mutants or through changes
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Figure 1 Structure of the Drosophila construct used for germline
transformation
P[w+, Act88F-TnT] was constructed to express TnT under the control of the Act88F gene
promoter. In the construct, the 5′-UTR of the Act88F actin gene was fused to the ORF of the
thoracic TnT cDNA.
in gene dosages [9,14,23–25]. Despite the importance of TnT in
human disease, the effects of its overabundance have yet to be
described. Hence, we have studied the function of TnT by linking
the TnT cDNA to a promoter that drives high levels of expres-
sion in Drosophila IFM, and we have tested the effects of overex-
pressing TnT on the structure and function of these muscles. We
have seen that the excess of TnT causes a secondary decrease
of the endogenous TnT and of other thin-filament components:
Tm, TnI and actin. Nevertheless, this alteration did not affect the
thick-filament proteins, the levels of which remained unaffected.
These results suggest that a feedback mechanism exists in muscle
cells that co-ordinate the expression of thin-filament proteins and
controls stoichiometric imbalances.
EXPERIMENTAL
TnT gene constructs and germline transformation
The vector P[w+, Act88F-TnT] was constructed to express TnT
from the Act88F gene promoter (Figure 1). The PCR-amplified
coding regions for the IFM-specific TnT, including the initiator
methionine and the translational stop codon, were cloned into
the Drosophila P element vector CaSpeR4 [26] using appropriate
restriction sites in the primers. In the construct, the 5′-UTR (5′-
untranslated region) of the Act88F actin gene was fused to the
ORF (open reading frame) of the TnT cDNA and the Act88F
gene promoter was used to drive high expression of TnT in the
IFM. All cloning junctions and DNA insertions were sequenced
to ensure the proper fidelity and orientation for expression.
The construct was cloned into a CaSpeR vector for P element-
mediated transformation. The white gene was used as a marker in
the CaSpeR vector and germline transformation was performed
as described by Spradling and Rubin [27]. The P element helper
plasmid was 2-3 [28] and the concentrations of purified DNA
injected were 0.6 µg/ml for the P element construct and 0.2 µg/ml
for 2-3. Constructs were injected into embryos of the genotype
yw (yellow white) and the transformants were identified in the
G1 generation as orange-eyed individuals. Homozygous lines
were obtained by standard genetic techniques using the stock yw;
CyO/If; TM2/MKRS from Dr S. Campuzano (Consejo Superior
de Investigaciones Cientı´ficas, Madrid).
Drosophila maintenance
Flies were grown on Carpenter’s medium at 25 ◦C [29].
Flight and jump testing
Flight testing was performed as described previously on 1-day-
old flies [13]. For each line, 100 flies were tested for their ability
to fly up towards a light source.
RNA purification, Northern hybridization and RT
(reverse transcriptase)–PCR
Total RNA was prepared using the guanidine/phenol method
[30]. Total RNA from pupae of the transformed lines was
purified and Northern-blot analysis was performed as described
previously [4]. RT–PCR using RNA from distinct transformed
lines was performed by standard methods [30]. Sequencing was
carried out by automatic sequencing following the manufacturer’s
instructions (Applied Biosystems, Warrington, Cheshire, U.K.)
and the sequences were analysed using the GCG software (ver-
sion 7.1) [31].
Electron microscopy
Transmission electron microscopy was performed using red-eye
pupae and 1-day-old adult flies as described by O’Donnell and
Bernstein [32]. The dissected flies were fixed overnight with 2%
(w/v) glutaraldehyde, 3% (w/v) paraformaldehyde and 0.2% tan-
nic acid in 0.1 M phosphate buffer (pH 7.2) at 4 ◦C. Samples
were washed with 0.1 M phosphate buffer and post-fixed in 1%
osmium tetroxide in 0.1 M phosphate buffer for 2 h on ice. After
washing with double-distilled water, the samples were dehydrated
in acetone and then infiltrated with Epon 812. Samples were poly-
merized for 48 h at 60 ◦C under vacuum and thin sections (90 nm)
were obtained using a Reichert Ultracut S ultramicrotome. These
sections were double-stained with 2% uranyl acetate and lead
citrate and then viewed with a Zeiss EM10 transmission electron
microscope at 60 kV.
Protein gel electrophoresis and immunoblot analysis
The thoraxes from acetone-freeze-dried 24-h-old flies were micro-
dissected [33], homogenized and boiled in sample buffer [34].
Electrophoresis and immunoblot analyses were performed essen-
tially as described previously [35]. The amount of protein loaded
for each sample was approx. 10 µg. The polyclonal rabbit antisera
to Drosophila TnT and paramyosin used have been described pre-
viously [3,36]. Polyclonal rabbit antiserum to Drosophila Act88F
actin was raised against the specific N-terminal region of the
protein (M. C. Lebart and J. C. Sparrow, personal communi-
cation) and the secondary antibodies used were from Nordic Im-
munological Laboratories. Antibody detection was performed
with the ECL® system (Amersham Biosciences, Little Chalfont,
Bucks., U.K.) and the protein bands visualised in Western blots
were scanned and normalized to the major band present in a
Coomassie Blue-stained protein gel run in parallel. Protein trans-
fer was controlled by staining the membrane with Ponceau Red
and the time of ECL® development was approximately calibrated
to establish the linear range for the amount of protein used. To
adjust the data, several gel electrophoresis analyses were per-
formed with distinct amounts of protein in proportion to the
protein levels present in the yw flies. The experiment was repeated
several times to obtain information on variability and we found
the results to be very consistent.
RESULTS
TnT protein and mRNA expression in flight muscles
of transgenic flies
The Drosophila TnT gene is transcribed into four muscle-type-
specific products that are generated by developmentally regulated
alternative splicing. Exons 3, 4 and 5 are absent from the trans-
cripts found in the jump (TDT, tergal depressor of trochanter)
and IFM, the major muscles present in the thorax. All 11 exons
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Table 1 Transgenic lines transformedwith the P[w+, Act88F-TnT] construct
Construct Size including CaSpeR vector Transgenic lines Chromosomal location
P[w+, Act88F-TnT] 12.169 kb OTnT48 3rd
OTnT37 2nd
OTnT32 2nd
OTnT30 3rd
OTnT19 2nd
OTnT15 Not determined
OTnT5 2nd
are incorporated into the adult hypodermic muscle transcripts,
whereas microexon 4 is absent from the larval hypodermic
musculature [4].
The effect of overexpressing TnT in transgenic Drosophila flies
was studied by employing a strong promoter to drive the high
levels of expression in the IFM. Hence, 1 kb of the 5′-flanking
sequence and the 5′-UTR of the Drosophila Act88F actin gene
were fused to the ORF of the IFM-specific TnT cDNA, this con-
struct being named P[w+, Act88F-TnT] (Figure 1). The promoter
region used is sufficient to drive high levels of IFM-specific
expression, since the Drosophila Act88F actin gene is almost ex-
clusively expressed in these muscles [14,23,37–39].
The resulting construct was used to transform yw flies. In these
transgenic studies, TnT was expressed in a background of endo-
genous TnT. Several different transgenic lines were identified after
microinjection of the P element construct and these lines were
named OTnT (Table 1). The presence of the transgenic TnT
transcript was confirmed by RT–PCR (results not shown). No
significant differences were observed between the independent
lines in terms of the characteristics described below. The TnT pro-
tein levels of four representative OTnT lines carrying the P[w+,
Act88F-TnT] construct were estimated by analysing the thorax of
newly emerged flies by immunoblotting (Figure 2). Unexpectedly,
the level of TnT varied slightly between different transgenic lines,
although in all the lines a decrease in the amount of TnT protein
was detected when compared with yw control animals. The protein
recognized by the TnT antibodies corresponded to the IFM and
TDT muscle-specific isoform [4]. The levels of thoracic TnT in
the OTnT lines were decreased approx. 2-fold in late pupae and
newly emerged flies. This decrease probably corresponded to the
TnT present in IFM. Surprisingly, we also observed a profound
decrease in the levels of the IFM-specific Act88F actin in the same
membranes. In contrast, the levels of paramyosin, a component of
the thick filament, were apparently normal. Hence, whereas com-
ponents of the IFM thin filaments, actin and TnT were markedly
decreased in these animals, thick-filament components may not
have been affected.
The Act88F gene promoter is activated 14–16 h after the form-
ation of the puparium [40,41]. When we tested the levels of TnT
at this stage of development, in six independent lines, an approx.
2.0–2.1-fold increase of TnT protein levels was observed with
respect to yw controls. In Figure 3, four representative lines are
shown. The level of actin Act88F, the IFM-specific isoform, in
the six lines is similar to the yw control (Figure 3). Thus it appears
that the amount of TnT protein increases in the earlier puparium
stages, yet degradation or diminution of the protein levels seems
to occur at later stages of development.
To determine whether this decrease in TnT in the OTnT lines
was due to either diminished synthesis or protein degradation, we
measured the relative levels of the transcripts of thin- and thick-
filament components from newly emerged flies in Northern blots.
Transgenic and endogenous TnT, Act88F actin, TnI, Tm2 and
Figure 2 Expression of TnT in newly emerged flies of the OTnT lines
(A) Thoracic protein homogenates from the transgenic flies were separated by PAGE and stained
with Coomasie Blue. The OTnT transgenic lines analysed were OTnT32, OTnT48, OTnT30 and
OTnT5; yw indicates the yw control flies. (B) Western-blot analysis of the TnT, Act88F actin
and paramyosin protein expression. The TnT thoracic band corresponds to IFM and TDT
isoforms. In contrast, the Act88F actin band corresponds exclusively to IFM isoform.
paramyosin mRNA from red-eye pupae were tested in all lines
(Figure 4). Since the IFM and TDT TnT isoforms differ from
the others owing to the absence of exons 3, 4 and 5, it proved
impossible to make an IFM-specific TnT probe. The TnT probe
hybridized with all TnT transcripts, and we found a decrease in
the endogenous levels of TnT mRNA in all the OTnT lines tested,
with no significant variation among the different lines (Figure 4B).
The expected size of the transgenic TnT transcript containing the
5′-UTR of the Act88F mRNA was slightly larger than that of
the corresponding endogenous TnT mRNAs (Figures 4B and 4C).
However, this transgenic TnT transcript could only be detected
in the overexpressing lines after longer exposure of the Northern
blots (Figure 4C), being observed in the RNA from late pupae
from all OTnT lines analysed. The marked decrease in the Act88F
actin, Tm2 and TnI mRNAs – all components of the thin fila-
ment – should be emphasized. Indeed, when Act88F actin and TnI
probes were hybridized to IFM-specific mRNAs, the transcripts
were almost undetectable (Figures 4D–4F). On the other hand,
paramyosin mRNA levels were normal, confirming the data ob-
tained from Western blotting (results not shown).
Overexpression of TnT causes muscle dysfunction
and myofibril degeneration
To examine if changes in the degree of expression of TnT in flight
muscles impaired muscle function, we tested adults from each
transgenic line for their capacity to fly (Figure 5). Flies from all
OTnT lines were completely unable to fly, although their skeletal
and smooth muscles remained functional as evident from their
c© 2005 Biochemical Society
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Figure 3 Expression of TnT and Act88F at 14 and 16 h APF
Protein extracts of the OTnT37, OTnT48, OTnT32 and OTnT30 lines obtained from pupae at 14
and 16 h APF were separated by PAGE and stained with Coomasie Blue. (A) In the upper part,
a Western blot of the IFM- and TDT-specific TnT isoforms is presented. In the lower part, a
densitometric analysis of bands in the Western blot is shown. (B) In the upper part, a Western
blot of the IFM-specific Act88F isoform is presented. In the lower part, a densitometric analysis
of bands in the Western blot is shown. The relative amounts of TnT and Act88F were normalized
to the total protein in each sample and to the TnT protein in yw control pupae.
ability to hatch and survive. Our results indicated that changes in
the levels of TnT generate an important impairment of flight.
We analysed the ultrastructure of the IFM from representative
lines using transmission electron microscopy to determine
whether the defects in muscle function were translated into struc-
tural abnormalities in the muscles. Samples from late pupae and
newly emerged flies from representative lines were used to ensure
that any defects observed were due to abnormal assembly rather
than to use- or time-dependent degeneration, as seen in some other
mutants [23,42]. The IFM ultrastructure from wild-type flies is
extremely regular (Figures 6A, 6B and 6G). Myofibrils are circu-
lar in cross-section (Figure 6B) and contain regular sarcomeric
units aligned in parallel between adjacent myofibrils in longi-
tudinal section (Figure 6A). Furthermore, in transverse sections,
the thin and thick filaments form a regular hexagonal lattice array
(Figure 6G). Pupae and 1-day-old adult flies from the OTnT lines
exhibited severe abnormalities in the ultrastructure of their IFM
myofibrils as seen in Figure 6. There was virtually a complete
absence of thin filaments from these muscles, although in longi-
tudinal sections, thick filaments associated into myofibril-like
Figure 4 Changes in the mRNA levels of thin-filament proteins in OTnT
transgenic lines
Total RNA from red-eye pupae of the lines was separated in a denaturing gel and, after Nothern
blotting, hybridized to distinct probes: total endogenous TnT (B, C), Act88F actin (D), TnI (E)
and Tm2 (F). In the upper part, rRNAs of the lines analysed in (A) are shown. yw corresponds
to the yw control flies. On longer exposure of the Northern blot, the transgenic TnT transcript in
the OTnT lines could be observed (C).
structures with Z-discs and occasional M-lines were observed.
However, the sarcomere length was variable and myofibril
diameters were decreased. Most of the muscles were severely dis-
rupted and a high percentage of myofibrils had incomplete Z-discs
and M-lines. This muscle degeneration varied between the six
muscles that comprise the dorsal longitudinal IFM, from a moder-
ate disruption to severely affected dorsal longitudinal IFMs, even
within the same fly (Figure 6F). Swollen sarcoplasmic reticulum-
like structures were frequently observed. These results suggest
that changes in TnT levels influence the assembly and stability of
thin filaments, which are required for sarcomere assembly. The
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Figure 5 Differences in the capacity of the transgenic lines to fly
Flight performance was evaluated by scoring the number of staged flies that could fly upwards
(white) or glide (grey) or that were unable to fly (black) when released in a cage. The wild-type
response is to fly up towards a light source and the level of flight impairment can be noted as
the percentage of flies in other categories. Nearly 65 % of 1-day-old yw control flies can fly up
(reaching 80–85 % in older flies), whereas this ability was severely impaired in the transgenic
fly lines. The flies from the OTnT37, OTnT48, OTnT30, OTnT32 and OTnT5 lines are completely
flightless.
severe degeneration of the myofibrillar ultrastructure in OTnT
flies correlates with their flight impairment.
DISCUSSION
In the present study, we have analysed the effects of overexpress-
ing a thin-filament protein, TnT, in highly specialized muscles
such as the IFM of Drosophila melanogaster. We have seen that
increasing the levels of TnT in these muscles during early stages
of pupal development ultimately provokes a decrease in its levels,
as well as that of all other thin-filament components (Figures 2–
4). TnT accumulation can be detected at 14–16 h APF (after pu-
parium formation) when the Act88F gene promoter used to drive
the expression of transgenic TnT becomes active [40,41] (Fig-
ure 3). Surprisingly, when the muscles should be completely
formed, by the end of pupation, much lower levels of this protein
are detected when compared with the wild-type. Interestingly, this
decrease in protein quantity affects not only TnT, but rather all the
thin-filament proteins. Moreover, this decrease not only affects
protein accumulation but also its synthesis. The mRNA levels for
all the thin-filament proteins are significantly lower when com-
pared with control flies (Figure 4). However, these alterations
do not appear to affect thick-filament proteins, the levels of
which appear to remain normal. The decrease in thin-filament
components unavoidably leads to a loss of thin filaments them-
selves and, therefore, to alterations in myofibril assembly and
function (Figures 5 and 6).
This effect on the accumulation of TnT protein and mRNA
cannot be attributed to the promoter used to drive the expression of
TnT specifically in IFM. The Act88F gene promoter has been suc-
cessfully used to overexpress other sarcomeric proteins in these
muscles, such as the thick-filament proteins miniparamyosin and
the myosin heavy chain, or the Act88F actin itself [14,23,25]. In
none of these studies was a decrease in the levels of these proteins
detected, indicating that the effect observed in the IFM of the
OTnT lines is specific to TnT.
In addition to a decrease in TnT, in OTnT lines there is also a
substantial decrease in the levels of its partners in the thin fila-
ments. The decrease in accumulation of the associated thin-
filament proteins has been reported in several Drosophila IFM
thin-filament null mutants: TnI, TnT , Tm2 and Act88F actin
[9,11,15,43,44]. Moreover, these secondary effects are not re-
stricted to Drosophila. In zebra fish, a mutation of the TNNT2
gene (silent heart, sih) has been found to decrease severely not
only the expression of TnT but also TnI3 and Tm-α [45]. In
several of these mutants, a decrease in the mRNA levels of thin-
filament genes has been reported, suggesting that they are tran-
scriptionally down-regulated [11,45]. However, the levels of
thick-filament components seem to be unaffected. Taken together,
these results suggest the existence of some form of communication
between the thin-filament genes that co-ordinate their expression.
In every muscle cell, these genes are expressed concomitantly
throughout the Drosophila life cycle [46,47]. Since they contribute
to the same structure, their expression must be co-ordinately
activated to form the filaments and therefore the myofibrils and
muscles during myogenesis. Recent studies have demonstrated
that the expression of these genes is regulated by enhancers that
show a very similar structure and localization in the gene, sug-
gesting a common mechanism of transcriptional regulation
[16,17] (R. Marco-Ferreres, J. J. Arredondo, B. Fraile and
M. Cervera, unpublished work).
Surprisingly, for OTnT lines the decrease in thin filament
components is triggered by an initial overexpression in TnT pro-
tein. This decrease might be easily explained by an increase in TnT
degradation. Some studies on the slow isoform of vertebrate
TnC have shown that the overexpression of its mRNA in C2 cells
did not produce a corresponding increase at the polypeptide level.
The protein is accumulated in the cytoplasm and its degradation
was significantly augmented [48]. However, this does not seem
to be the only explanation since we detected a notable decrease
in the mRNA levels. It is probable that the increase of TnT in the
muscle cell involves an increase in unassembled TnT in the cyto-
plasm. We propose that this unassembled TnT is somehow de-
tected, causing the activation of the degradation machinery and
triggering a signal to the nucleus that leads to a decrease in the
transcription of TnT. In this way, the accumulation of TnT will
be impaired. Since the transcription of thin-filament genes is co-
ordinated, this signal would affect the transcriptional regulation of
all of them to avoid a stoichiometric imbalance. In the absence
of one of the thin-filament proteins, such as in the null mutants,
the cytoplasmic accumulation of soluble thin-filament partners
would trigger the same effect.
Alternatively, our results might indicate that an increase in
TnT might favour the formation of inappropriate complexes with
the other thin-filament proteins, generating aberrant and instable
filaments that would be quickly degraded. This increased rate of
degradation would be transmitted to the nucleus to stop the trans-
cription of thin-filament genes. It has been shown that the
accumulation of unfolded proteins in the endoplasmic reticulum
activates the ‘unfolded protein response pathway’ [49]. The cell
responds by eliminating the unfolded proteins through activation
of the degradation machinery and decreasing the transcription
[49]. A similar undefined mechanism may explain the effect of
increased TnT levels.
Previous studies on thin-filament protein mutants showed that
the lack of one component causes the down-regulation of the co-
regulated thin-filament proteins. This effect is conserved across
evolution since it has also been observed in zebra fish TnT mutants
[45]. The lack of any of the thin-filament components will lead to
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Figure 6 Analysis of the ultrastructure of the IFM of OTnT transgenic lines revealed severe myofibril degeneration
(A, B) Longitudinal and transverse sections of adult IFM yw control. (C, D) Longitudinal sections of IFM of newly emerged flies from the OTnT19 transgenic line, where the arrows indicate the
presence of swollen sarcoplasmic reticulum. (E, F) Longitudinal sections of the IFM of newly emerged flies from the OTnT32 transgenic lines. The stars indicate the presence of unknown circular
electron-dense material. (G, H, I) Transverse sections of adult IFM yw control, OTnT19 and OTnT32 transgenic lines respectively. Scale bars, 2 µm (A–F) and 0.25 µm (G–I).
the accumulation of the others, relative to the missing one. This
is analogous to the situation in our studies with Drosophila where
the overexpression of one component leads to its accumulation
in the cytoplasm. Taken together, the results suggest that, in
response to the accumulation of any unassembled thin-filament
protein in the cytoplasm and to keep the required stoichiometry, a
signalling pathway is activated to stop the accumulation of thin-
filament proteins. We think that this pathway might be the same
that works to stop the production of thin-filament proteins when
myofibrils are completely formed. Indeed, this mechanism would
be independent of that controlling the expression of thick-filament
components, in keeping with the failure to detect any effect on
the expression of thick-filament proteins in our OTnT flies.
We have demonstrated here that an excess of TnT is as harmful
as a deficit, since both produce a loss of thin filaments and,
hence, profound alterations in muscle formation. We propose that
c© 2005 Biochemical Society
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a regulatory mechanism must exist to co-ordinate tightly the levels
of thin-filament proteins. The OTnT lines could provide us with
an ideal system to study the components of this regulatory system
in vivo.
We thank V. Santos and J. Vivar for their expert technical assistance. We are grateful
to Dr J. Sparrow (Department of Biology, University of York, York, U.K.) for the gift of
plasmids and Act88F actin antibodies and Dr R. V. Storti (Department of Biochemistry and
Molecular Biology, The University of Illinois at Chicago, Chicago, IL, U.S.A.) for the gift of
plasmids. We also thank E. Garc´ıa-Zaragoza for the help with the micrographs. This work
was supported by grants 08.4/0035/98 from the Comunidad de Madrid and PB97-0014
and BMC2001-1454 from the Spanish Ministry of Education. R. M. F. was supported by a
predoctoral fellowship from the Universidad Auto´noma de Madrid with funds provided by
the Spanish Ministry of Education, and J. J. A. was supported by a postdoctoral fellowship
from the Comunidad de Madrid.
REFERENCES
1 Perry, S. V. (1998) Troponin T: genetics, properties and function. J. Muscle
Res. Cell Motil. 19, 575–602
2 Schiaffino, S. and Reggiani, C. (1996) Molecular diversity of myofibrillar proteins: gene
regulation and functional significance. Physiol. Rev. 76, 371–423
3 Domingo, A., Gonzalez-Jurado, J., Maroto, M., Diaz, C., Vinos, J., Carrasco, C.,
Cervera, M. and Marco, R. (1998) Troponin-T is a calcium-binding protein in insect
muscle: in vivo phosphorylation, muscle-specific isoforms and developmental profile in
Drosophila melanogaster. J. Muscle Res. Cell Motil. 19, 393–403
4 Benoist, P., Mas, J. A., Marco, R. and Cervera, M. (1998) Differential muscle-type
expression of the Drosophila troponin T gene. A 3-base pair microexon is involved in
visceral and adult hypodermic muscle specification. J. Biol. Chem. 273, 7538–7546
5 Thierfelder, L., Watkins, H., MacRae, C., Lamas, R., McKenna, W., Vosberg, H. P.,
Seidman, J. G. and Seidman, C. E. (1994) Alpha-tropomyosin and cardiac troponin T
mutations cause familial hypertrophic cardiomyopathy: a disease of the sarcomere.
Cell (Cambridge, Mass.) 77, 701–712
6 Kamisago, M., Sharma, S. D., DePalma, S. R., Solomon, S., Sharma, P., McDonough, B.,
Smoot, L., Mullen, M. P., Woolf, P. K., Wigle, E. D. et al. (2000) Mutations in sarcomere
protein genes as a cause of dilated cardiomyopathy. N. Engl. J. Med. 343, 1688–1696
7 Sung, S. S., Brassington, A. M., Grannatt, K., Rutherford, A., Whitby, F. G., Krakowiak,
P. A., Jorde, L. B., Carey, J. C. and Bamshad, M. (2003) Mutations in genes encoding
fast-twitch contractile proteins cause distal arthrogryposis syndromes. Am. J.
Hum. Genet. 72, 681–690
8 Seidman, J. G. and Seidman, C. (2001) The genetic basis for cardiomyopathy: from
mutation identification to mechanistic paradigms. Cell (Cambridge, Mass.) 104,
557–567
9 Fyrberg, E., Fyrberg, C. C., Beall, C. and Saville, D. L. (1990) Drosophila melanogaster
troponin-T mutations engender three distinct syndromes of myofibrillar abnormalities.
J. Mol. Biol. 216, 657–675
10 Myers, C. D., Goh, P. Y., Allen, T. S., Bucher, E. A. and Bogaert, T. (1996) Developmental
genetic analysis of troponin T mutations in striated and non striated muscle cells of
Caenorhabditis elegans. J. Cell Biol. 132, 1061–1077
11 Nongthomba, U., Clark, S., Cummins, M., Ansari, M., Stark, M. and Sparrow, J. C. (2004)
Troponin I is required for myofibrillogenesis and sarcomere formation in Drosophila flight
muscle. J. Cell Sci. 117, 1795–1805
12 Burkeen, A. K., Maday, S. L., Rybicka, K. K., Sulcove, J. A., Ward, J., Huang, M. M.,
Barstead, R., Franzini-Armstrong, C. and Allen, T. S. (2004) Disruption of Caenorhabditis
elegans muscle structure and function caused by mutation of troponin I. Biophys. J. 86,
991–1001
13 Drummond, D. R., Hennessey, E. S. and Sparrow, J. C. (1991) Characterisation of
missense mutations in the Act88F gene of Drosophila melanogaster. Mol. Gen. Genet.
226, 70–80
14 Cripps, R. M., Becker, K. D., Mardahl, M., Kronert, W. A., Hodges, D. and Bernstein, S. I.
(1994) Transformation of Drosophila melanogaster with the wild-type myosin heavy-chain
gene: rescue of mutant phenotypes and analysis of defects caused by overexpression.
J. Cell Biol. 126, 689–699
15 Karlik, C. C. and Fyrberg, E. A. (1985) An insertion within a variably spliced Drosophila
tropomyosin gene blocks accumulation of only one encoded isoform.
Cell (Cambridge, Mass.) 41, 57–66
16 Mas, J. A., Garcia-Zaragoza, E. and Cervera, M. (2004) Two functionally identical modular
enhancers in Drosophila troponin T gene establish the correct protein levels in different
muscle types. Mol. Biol. Cell 15, 1931–1945
17 Marin, M. C., Rodriguez, J. R. and Ferrus, A. (2004) Transcription of Drosophila
troponin I gene is regulated by two conserved, functionally identical, synergistic
elements. Mol. Biol. Cell 15, 1185–1196
18 Bate, M. (1990) The embryonic development of larval muscles in Drosophila.
Development 110, 791–804
19 Baylies, M. K., Bate, M. and Ruiz Gomez, M. (1998) Myogenesis: a view from Drosophila.
Cell (Cambridge, Mass.) 93, 921–927
20 Sparrow, J., Drummond, D., Peckham, M., Hennessey, E. and White, D. (1991) Protein
engineering and the study of muscle contraction in Drosophila flight muscles. J. Cell Sci.
14 (Suppl.), 73–78
21 Bernstein, S. I., O’Donnell, P. T. and Cripps, R. M. (1993) Molecular genetic analysis of
muscle development, structure, and function in Drosophila. Int. Rev. Cytol. 143, 63–152
22 Vemuri, R., Lankford, E. B., Poetter, K., Hassanzadeh, S., Takeda, K., Yu, Z. X., Ferrans,
V. J. and Epstein, N. D. (1999) The stretch-activation response may be critical to the
proper functioning of the mammalian heart. Proc. Natl. Acad. Sci. U.S.A. 96, 1048–1053
23 Arredondo, J. J., Mardahl-Dumesnil, M., Cripps, R. M., Cervera, M. and Bernstein, S. I.
(2001) Overexpression of miniparamyosin causes muscle dysfunction and age-
dependant myofibril degeneration in the indirect flight muscles of Drosophila
melanogaster. J. Muscle Res. Cell Motil. 22, 287–299
24 Hiromi, Y. and Hotta, Y. (1985) Actin gene mutations in Drosophila: heat shock activation
in the indirect flight muscles. EMBO J. 4, 1681–1687
25 Hiromi, Y., Okamoto, H., Gehring, W. J. and Hotta, Y. (1986) Germline transformation with
Drosophila mutant actin genes induces constitutive expression of heat shock genes.
Cell (Cambridge, Mass.) 44, 293–301
26 Thummel, C. S., Boulet, A. M. and Lipshitz, H. D. (1988) Vectors for Drosophila
P-element-mediated transformation and tissue culture transfection. Gene 74, 445–456
27 Spradling, A. C. and Rubin, G. M. (1982) Transposition of cloned P elements into
Drosophila germ line chromosomes. Science 218, 341–347
28 Robertson, H. M., Preston, C. R., Phillis, R. W., Johnson-Schlitz, D. M., Benz, W. K. and
Engels, W. R. (1988) A stable genomic source of P element transposase in Drosophila
melanogaster. Genetics 118, 461–470
29 Carpenter, J. M. (1950) A new semisynthetic food medium for Drosophila.
Drosophila Information Service 24, 96–97
30 Sambrook, J. and Russell, D. W. (2001) Molecular Cloning: A Laboratory Manual,
Cold Spring Harbor Laboratory Press, Plainview, NY
31 Devereux, J., Haeberli, P. and Smithies, O. (1984) A comprehensive set of sequence
analysis programs for the VAX. Nucleic Acids Res. 12, 387–395
32 O’Donnell, P. T. and Bernstein, S. I. (1988) Molecular and ultrastructural defects in a
Drosophila myosin heavy chain mutant: differential effects on muscle function produced
by similar thick filament abnormalities. J. Cell Biol. 107, 2601–2612
33 Fujita, S. C., Inoue, H., Yoshioka, T. and Hotta, Y. (1987) Quantitative tissue isolation from
Drosophila freeze-dried in acetone. Biochem. J. 243, 97–104
34 Laemmli, U. K. (1970) Cleavage of structural proteins during the assembly of the head of
bacteriophage T4. Nature (London) 227, 680–685
35 Vinos, J., Domingo, A., Marco, R. and Cervera, M. (1991) Identification and
characterization of Drosophila melanogaster paramyosin. J. Mol. Biol. 220, 687–700
36 Maroto, M., Arredondo, J. J., San Roman, M., Marco, R. and Cervera, M. (1995) Analysis
of the paramyosin/miniparamyosin gene. Miniparamyosin is an independently
transcribed, distinct paramyosin isoform, widely distributed in invertebrates.
J. Biol. Chem. 270, 4375–4382
37 Geyer, P. K. and Fyrberg, E. A. (1986) 5′-flanking sequence required for regulated
expression of a muscle-specific Drosophila melanogaster actin gene. Mol. Cell. Biol. 6,
3388–3396
38 Barthmaier, P. and Fyrberg, E. (1995) Monitoring development and pathology of
Drosophila indirect flight muscles using green fluorescent protein. Dev. Biol. 169,
770–774
39 Brault, V., Reedy, M. C., Sauder, U., Kammerer, R. A., Aebi, U. and Schoenenberger, C.
(1999) Substitution of flight muscle-specific actin by human (beta)-cytoplasmic actin in
the indirect flight muscle of Drosophila. J. Cell Sci. 112, 3627–3639
40 Fernandes, J., Bate, M. and Vijayraghavan, K. (1991) Development of the indirect flight
muscles of Drosophila. Development 113, 67–77
41 Nongthomba, U., Pasalodos-Sanchez, S., Clark, S., Clayton, J. D. and Sparrow, J. C.
(2001) Expression and function of the Drosophila ACT88F actin isoform is not restricted
to the indirect flight muscles. J. Muscle Res. Cell Motil. 22, 111–119
42 Wells, L., Edwards, K. A. and Bernstein, S. I. (1996) Myosin heavy chain isoforms
regulate muscle function but not myofibril assembly. EMBO J. 15, 4454–4459
43 Mogami, K., Fujita, S. C. and Hotta, Y. (1982) Identification of Drosophila indirect flight
muscle myofibrillar proteins by means of two-dimensional electrophoresis.
J. Biochem. (Tokyo) 91, 643–650
44 Mogami, K. and Hotta, Y. (1981) Isolation of Drosophila flightless mutants which affect
myofibrillar proteins of indirect flight muscle. Mol. Gen. Genet. 183, 409–417
c© 2005 Biochemical Society
152 R. Marco-Ferreres and others
45 Sehnert, A. J., Huq, A., Weinstein, B. M., Walker, C., Fishman, M. and Stainier, D. Y.
(2002) Cardiac troponin T is essential in sarcomere assembly and cardiac contractility.
Nat. Genet. 31, 106–110
46 Arbeitman, M. N., Furlong, E. E., Imam, F., Johnson, E., Null, B. H., Baker, B. S., Krasnow,
M. A., Scott, M. P., Davis, R. W. and White, K. P. (2002) Gene expression during the life
cycle of Drosophila melanogaster. Science 297, 2270–2275
47 White, K. P., Rifkin, S. A., Hurban, P. and Hogness, D. S. (1999) Microarray analysis of
Drosophila development during metamorphosis. Science 286, 2179–2184
48 Yin, X., Choudhury, M. and Bag, J. (2002) Overexpression of sTnC polypeptide in muscle
cells is controlled by its rapid degradation. FEBS Lett. 517, 45–49
49 Ma, Y. and Hendershot, L. M. (2001) The unfolding tale of the unfolded protein response.
Cell (Cambridge, Mass.) 107, 827–830
Received 22 July 2004/24 September 2004; accepted 7 October 2004
Published as BJ Immediate Publication 7 October 2004, DOI 10.1042/BJ20041240
c© 2005 Biochemical Society
